Abstract. The global distribution pattern of coccolithophorid blooms was mapped in order to ascertain the prevalence of these blooms in the world's oceans and to estimate their worldwide production of CaCO 3 and dimethyl sulfide (DMS). Mapping was accomplished by classifying pixels of 5-day global composites of coastal zone color scanner imagery into bloom and nonbloom classes using a supervised, multispectral classification scheme. Surface waters with the spectral signature of coccolithophorid blooms annually covered an average of 1.4 x 10 6 km 2 in the world oceans from 1979 to 1985, with the subpolar latitudes accounting for 71% of this surface area. Classified blooms were most extensive in the Subarctic North Atlantic. Large expanses of the bloom signal were also detected in the North Pacific, on the Argentine shelf and slope, and in numerous lower latitude marginal seas and shelf regions. The greatest spatial extent of classified blooms in subpolar oceanic regions occurred in the months from summer to early autumn, while those in lower latitude marginal seas occurred in midwinter to early spring. Though the classification scheme was efficient in separating bloom and nonbloom classes during test simulations, and biogeographical literature generally confirms the resulting distribution pattern of blooms in the subpolar regions, the cause of the bloom signal is equivocal in some geographic areas, particularly on shelf regions at lower latitudes. Standing stock estimates suggest that the presumed Emiliania huxleyi blooms act as a significant source of calcite carbon and DMS sulfur on a regional scale. On a global scale, however, the satellite-detected coccolithophorid blooms are estimated to play only a minor role in the annual production of these two compounds and their flux from the surface mixed layer.
scheme. A classified bloom in this study was defined as a detectable entity that possessed spectral characteristics similar to coccolithophorid blooms that had been confirmed by in situ sampling. Any mention of a bloom in this paper refers to a coccolithophorid bloom unless otherwise specified.
Image Processing
Figure 1 outlines the methodology followed to process and classify the imagery. Images of 5-day mean normalized water-leaving radiances (nLw 440, nLw 520, and nLw 550) and aerosol radiance (La 670) from level 3 postage stamp (PST) files of the NASA CZCS global data set were rectified to a cylindrical equidistant projection and subsampled by 2 x 2 decimation to provide a spatial resolution of •40 km. The PST files are composed of averaged geophysical parameters from valid level 2b pixels (•4-km resolution), with supporting image count and pixel sample size, binned to a fixed, linear latitude-longitude array [Feldrnan et al., 1989 ]. The imagery had been atmospherically corrected with a multiple atmospheric scattering algorithm using the default maritime aerosol epsilon values [Gordon et al., 1988a] . Clouds and sun glint had been masked, and scenes with excessively high aerosol radiance or low sun angles were excluded during initial processing at NASA.
Classification of Imagery
The mean radiance images served as input for a supervised, parallelepiped classification algorithm. A parallelepiped algorithm classifies an object by comparing the object's feature(s), in this case spectral, to class (decision) boundaries that form a parallelogram in two-dimensional feature space [Schowenget•dt, 1983] . The classification algorithm was developed by first empirically determining the spectral signatures of coccolithophorid blooms and various common, nonbloom conditions and then establishing decision boundary values that would allow the blooms to be spectrally distinguished from these other conditions. Spectral signatures of coccolithophorid blooms, "clear" blue water, sediment-laden water, "whitings" (suspended lime muds [Shinn et al., 1989] ), and unmasked clouds (including cloud "ringing") were ascertained by extracting the normalized water-leaving and aerosol radiances from pixels located at "training sites" centered on portions of level 2b CZCS imagery identified to each condition (Table 1 Table 2 .
Decision boundaries for each of the feature characters were set to values that would both exclude the greatest percentage of nonbloom conditions and include the maximum percentage of blooms. The boundary value(s) for each feature character was as follows' 1.10 < nLw 440 < 2.55, 0.80 -< nLw 550 < 2.55, 0.95 -< nLw 440/nLw 520 -< 1.50, 1.00 < nLw 440/nLw 550 < 2.00, 1.00 -< nLw -2 520/nLw 550 -< 1.60, with radiances in units of mW cm /am -I sr -•. An La 670 threshold (1.10 mW cm -2 /am -• sr-I), slightly greater than twice that of a clear atmosphere [Gordon et al., 1988b] , was set to exclude atmospheric "haze."
The decision boundaries were incorporated into a nonparametric parallelepiped algorithm which assigned nonland pixels to either coccolithophorid bloom or non-coccolithophorid bloom classes by comparing the radiance values of individual pixels to the decision boundaries set for each of the five spectral feature characters.
To evaluate the performance of the decision boundaries in separating the different classes, "test site" pixels (Table 1) were classified, and the percentages of correct and incorr•ict classifications were calculated on the basis of their pre'•ious assignment. Like training site pixels, test site pixels provided a representative spectral signature for each of the various conditions, but their radiances were not consulted when the decision boundaries were established.
Test sites were located in the vicinity of, but did not overlap, their corresponding training sites, to avoid differences in aerosol characteristics. To determine the effect of reduced spatial 
Results

Classification Performance
The simulations to evaluate the efficacy of the classifier revealed that the number of both omissions (i.e., test bloom pixels excluded during classification from the bloom class) and commissions (i.e., nonbloom test pixels incorrectly classified into the bloom class) generally decreased as the spatial resolution of the imagery decreased (Figure 3) . The combined percentages of commissions and omissions decreased to <3% when the simulated sample size (2 v) was 16 or equivalent to a spatial resolution of 16 km2. Noting that an average of 18 level 2 pixels (from a nominal maximum of 25) were binned to compute the mean radiance of a single 5-day PST pixel, these simulation results imply that most pixels are accurately classified.
Neglecting whitings for the moment, sediment and atmospheric haze were the only nonbloom conditions misclassifled as blooms during testing simulations. This result is inevitable given the overlap of the spectral signatures of these conditions (Figure 2 ). Yet in the classified imagery, river plumes and their entrained sediments were often separable from blooms, as illustrated by their omission from all or most of the deltas of the Amazon, Orinoco, and Ganges rivers (Plate 1). In regard to atmospheric artifacts, sensor overshoot [Mueller, 1988] Large expanses of the bloom signal were also detected in numerous lower latitude marginal seas, including the Yellow and East Chinese seas, the shelf regions of the Gulf of Mexico, the Arafura Sea and Gulf of Carpentaria, and the northwestern shelf of Australia (Plate 1). The mean annual total surface area of the bloom's signal in several marginal seas was large, equaling or exceeding the extent within numerous oceanic regions (Table 4) Figures 4a and 4c) as a proxy for the reliability of bloom areal extent. Bloom size was correlated to this measure of regional coverage in certain geographic areas, for example, the Subarctic North Atlantic (Spearman p -0.81, p < 0.001), although the correlation between these two variables overall was poor but significant (p = 0.28, p < 0.001). Additionally, these correlations suggest that the areal extents of blooms were underestimated because the majority of visibilities were well below 100%.
A bimodal pattern in average monthly bloom extent was evident (though not significant owing to its large variability) in the subpolar northern hemisphere (Figure 4b) , with a minor peak occurring in March and the major peak occurring in August, whereas the southern hemisphere region displayed a single maximum in December. In comparison, the total extent of classified blooms detected in the Gulf of Mexico and Chinese Sea appears less pronounced than that observed in the Arafura Sea and Gulf of Carpentaria, which exhibited a maximum during July (Figure 4d) . The large standard deviation associated with each monthly average (Figures 4b and 4d) indicates that interannual variability of total bloom extent during a particular month was high in both the subpolar regions and the low-latitude seas.
We focused our attention on bloom signals in subpolar latitudes because the majority of these likely represent the occurrence of actual coccolithophorid blooms, whereas those detected at lower latitudes, particularly in shallow shelf environments, are likely caused by conditions that mimic the spectral signature of blooms (as will be discussed later).
Monthly totals of bloom surface area of the Subarctic North Atlantic (40ø-70øN) and of the circumpolar Subantarctic and northern Antarctic (40ø-60øS), representing primarily the extent of blooms on the Argentine shelf and shelf break, illustrate the interannual variability in the magnitude of the classified bloom's spatial extent within and between the subpolar regions in the northern and southern hemispheres ( Figure 5 ). The maximum monthly (and annual) bloom surface areas of the Subarctic North Atlantic were larger during 1979-1982 than during the following years, whereas those in the Subantarctic-Antarctic were larger during 1983-1985. Additionally, extensive open ocean blooms were evident south of Iceland during June-July 1980. The variability of bloom size in the Subarctic Atlantic may be partially explained by differences in the amount of exposed sea surface because (1) the monthly bloom size was correlated to annual sea surface visibility (see above), and (2) the annual mean visibilities were statistically greatest during 1979 to 1982. Because the annual visibility in the Subantarctic followed a trend similar to that in the Subarctic North Atlantic, the interannual variability in bloom sizes in this region was not likely due to differences in the percentages of exposed sea surface in different years. In both regions, however, any correlation between sea surface visibility and total bloom extent is suspect without knowledge of the spatial distribution of exposed sea surface pixels relative to classified blooms.
Discussion
The detection of coccolithophorid blooms in this study is sensitive to light backscattered from approximately one 
Biogeography of Coccolithophorid Blooms
Our distribution pattern of classified blooms at subpolar latitudes generally agrees with the occurrence of E. huxleyi at or near bloom concentrations ascertained in previous biogeographic investigations and leads us to conclude that the majority of bloom signals detected at these latitudes represent the presence of actual coccolithophorid blooms. 
As in our results
Biogeochemical Influence
Though the biological response of regions affected by coccolithophorid blooms is beyond the scope of this paper, the large area covered by blooms undoubtedly affects the ecology of the region by decreasing the depth of its photic zone Holligan and Balch, 1991] and modifying the chemistry of its surface water through coccolith and DMS formation.
The presumed E. huxleyi blooms detected at subpolar latitudes, as defined in Table 3 
Conclusion
Surface waters with the relatively unique spectral signature of coccolithophorid blooms annually covered an average of 1.4 x 10 6 km 2 in the global ocean, with those in subpolar latitudes, particularly in the North Atlantic, accounting for 71% of this surface area. Findings about blooms detected at these higher latitudes are relatively well supported by previous biogeographic investigations. On the other hand, large expanses of the bloom signal observed in numerous lower latitude marginal seas, particularly the Arafura Sea, Gulf of Carpentaria, and shelf regions in the Gulf of Mexico, may be due to the presence of coccolithophorid blooms or conditions which spectrally mimic them.
Classified blooms at subpolar latitudes achieved their largest areal extent during the months that corresponded to summer and early autumn in the respective hemispheres, while blooms at equatorial and subtropical latitudes were largest from midwinter to spring.
Standing stock estimates suggest that presumed E. huxleyi blooms act as a significant source of calcite carbon and DMS sulfur on a regional scale. On a global scale, however, the coccolithophorid blooms detected in CZCS imagery are estimated to play only a minor role in the annual production of calcite and DMS and their flux from the surface mixed layer to depth and the atmosphere, respectively. biogeography from North Atlantic and Pacific surface sediments, in Oceanic Micropalaeontology, edited by A. T. S. Ramsay, pp.
